Regional cerebral blood flow (CBF) was mea
sured autoradiographically in the recovery period fol lowing 15 min of forebrain ischemia in rats pretreated with either nimodipine (0.1 mg kg-I) or vehicle. The re sults showed that although nimodipine increased postisch emic CBF, the flow enhancement was regionally het erogeneous, sometimes resulting in zones of gross hy-Evidence is now accumulating that calcium entry blockers can reduce cerebrovascular resistance under normal and pathological conditions, and in crease the resistance of the brain to ischemia. Thus, nimodipine and other calcium entry blockers inhibit contractions of cerebral arteries in vitro (Towart 198 1; Kazda et aI., 1982; Brandt et aI., 1983) , and increase cerebral blood flow (CBF) in vivo, partic ularly if the blood-brain barrier is osmotically dis rupted prior to drug administration (Harper et aI., 198 1) . Furthermore, several studies show that such drugs may prevent the secondary hypoperfusion, which is observed in the recirculation period fol lowing complete cerebral ischemia (Kazda et aI., 1979; White et aI., 1982; Steen et aI., 1983) , or dilate cortical arterioles that contract after middle cere bral artery ligation (Brandt et aI., 1983) . Finally, evidence has been presented that the circulatory effects are paralleled by improvement of functional recovery after transient ischemia (Kazda et aI., 1979; Steen et aI., 1983) . poperfusion and overt hyperemia within the same structures. This patchy improvement of delayed postisch emic hypoperfusion was not accompanied by recovery of sensory evoked responses, and return of EEG activity was not enhanced. Key Words: Delayed hypoperfusion Electrophysiological recovery-Ischemia-Nimodipine.
We have recently shown that 15 min of incom plete (forebrain) ischemia in rats is followed by an immediate hyperemia in all previously ischemic ce rebral structures, but that a reproducible hypoper fusion subsequently develops (Kagstrom et aI., 1983b) . In this period of delayed hypoperfusion, in duced hypercapnia increased CBF in an inhomo geneous fashion (Kagstrom et aI., 1983c) . In the present study, this model was used to assess the effect of pretreatment of the animals with nimodi pine on the delayed hypoperfusion, as measured by an autoradiographic CBF technique. It will be shown that although nimodipine administration in creased postischemic CBF, flow rates varied mark edly not only among animals but also within struc tures. Furthermore, neurophysiological recordings gave no clear evidence that functional recovery was improved.
MATERIALS AND METHODS
Operative and sampling techniques, as well as methods for measuring CBF and electroencephalographic (EEG) activity, were as described previously (Kagstrom et aI., 1983a,b) . In summary, fed male rats of an S.P.F. Wistar strain were anaesthetized with 3% halothane, maintained during operation on halothane 0%), N20 (75%), and O2 (25%), and then ventilated on N20 (75%) and O2 (25%). Arterial (femoral and brachial) and venous (femoral) cath eters were inserted and bone screws were placed in the calvarium for EEG recording. Preparations were made for recording of sensory evoked responses as described earlier (Rehncrona et ai., 1981) . The common carotid ar teries were dissected free and prepared for transient oc clusion. Following a steady-state period of � 30 min, isch emia of 15 min duration was induced by bilateral carotid artery occlusion combined with arterial hypotension (to 50 mm Hg) by bleeding. At the end of the IS-min period of ischemia, the carotid clamps were removed and blood pressure was restored by reinfusion of the shed blood. After 60 min of recovery, [14C]iodoantipyrine was infused for 45 s, with repeated sampling of brachial blood, after which the animals were decapitated. Tissue 14C activity was evaluated by quantitative 14C autoradiography, and local cerebral blood flow (LCBF) was calculated as de scribed by Sakurada et ai. (1978) .
Nimodipine and vehicle were kindly supplied by Bayer AG (Wuppertal). The vehicle contained, per liter of so lutions, 200 g 96% ethanol, 170 g polyethyleneglycol 400, 2 g sodium citrate, and 0.5 g citric acid. Two main groups of animals were studied. In one, 0.1 mg kg-1 ni modipine (contained in a vehicle volume of 0.35-0.38 ml) was infused i. v. over the IS-min period preceding the induction of ischemia. In the other, a similar volume of undiluted vehicle was infused over the same period. In order to assess whether the nimodipine infusion altered preischemic, ischemic, or immediate postischemic CBF values, animals (two in each group) were studied after nimodipine infusion, after 15 min of ischemia, and after 5 min of recirculation, respectively. The values thus ob tained were compared to LCBF values measured in con trol animals maintained under similar anaesthetic condi tions (KagstOm et ai., 1983a,b) .
RESULTS AND DISCUSSION
Animals infused with vehicle and nimodipine had similar preischemic body temperatures (37.0 ± 0.02 and 37.2 ± 0.3°C), arterial blood pressure (156 ± 7 and 157 ± 5 mm Hg), P02 (98 ± 3 and 108 ± 7 mm Hg), Peo2 (39.8 ± 0.8 and 38.2 ± 1.3 mm Hg), and pH (7.39 ± 0.02 and 7.38 ± 0.0 1). After 15 min of vehicle infusion, blood pressure was maintained (160 ± 7 mm Hg), but, after nimodipine infusion, it fell to 91 ± 3 mm Hg.
Similar values for body temperature and P02 were measured after 60 min of recirculation, arterial Peo2 was equal in the two groups (34.5 ± 2.1 and 35.9 ± 1.4 mm Hg), and pH was maintained close to normal (7.33 ± 0.04 and 7.34 ± 0.03). Mean arterial blood pressure in animals infused with vehicle and nimodipine was 134 ± 6 and 119 ± 4 mm Hg, re spectively.
Since nimodipine dilates cerebral vessels and since infusion markedly reduced preischemic and somewhat lowered postischemic blood pressure, the question arose of whether preischemic or isch emic flow rates differed from those previously re- No, 4, 1983 corded (Kagstrom et aI., 1983b) , or if the drug af fected immediate reflow. However, in the two ani mals studied after 15 min of nimodipine infusion, flow rates were within or only slightly above the normal range of control values previously reported (Kagstrom et aI., 1983a,b) . Likewise, nimodipine in fusion failed to alter the CBF response to the isch emic procedure (Kagstrom et aI., 1983b) . Finally " after 5 min of recirculation in nimodipine-infused animals, the usual hyperemic response was ob served and no signs of poorly perfused areas could be discerned. Figure 1 shows individual values for LCBF in nimodipine-and vehicle-infused animals, as com pared to values previously obtained in control and postischemic animals. In areas with inhomogeneous perfusion rates (see below), the CBF value given was obtained by averaging 10 densitometric read ings on each side. In Fig. 1 , the cerebral structures analysed were arranged in the order of decreasing severity of the preceding ischemia; however, in the first 8 to 10 of the structures given, CBF was uni formly reduced to <5% of control (Kagstrom et aI., 1983b) . The delayed hypoperfusion observed in ve hicle-infused animals was similar to that previously reported for 15 min of ischemia (Kagstrom et aI., 1983b) . The mean CBF values obtained in nimodi pine-infused animals suggest that the drug markedly ameliorated or even prevented the delayed hypo perfusion after ischemia. However, a striking finding was a pronounced variability in response, not only among animals but also within structures. The autoradiograms made it clear that many struc tures contained areas in which nimodipine failed to enhance reflow, and others in which flow rates ex ceeded the control range.
Since postischemic CBF values in animals in fused with vehicle were very similar to these pre viously recorded (Kagstr6m et aI., 1983b) , we have illustrated the interanimal and intrastructural vari ations in LCBF by comparing CBF values in ve hicle-and nimodipine-infused rats (Fig. 2) . The figure, which gives values for seven inhomoge neously perfused structures, emphasizes that al though nimodipine enhanced reflow, this enhance ment was variable and at times "patchy " in char acter. Inhomogeneities in reflow were especially prevalent in the cortical areas and caudoputamen, as well as in the thalamus, whereas the seven struc tures with the highest CBF values had homoge neous flow rates (in those, the preceding ischemia was also moderate).
Neither vehicle-nor nimodipine-infused animals showed recovery of cortical components of the sen sory evoked responses during the 60-min recircu- caJo . lation period. All vehicle-infused animals showed recovery of a continuous low-voltage EEG activity, and in three of six animals, sharp waves of epilep togenic type were recorded. Only three of six ni modi pine-infused animals showed recovery of EEG activity, and this was of lower voltage than in ve hicle-infused animals; however, only one record contained sparse, sharp waves.
FIG. 2.
Individual CBF values in some structures with inho mogeneous flow pretreated with nimodipine before induction of ischemia (cf. Fig. 1) . Vertical lines denote range of CBF values in vehicle-infused animals. In animals with inhomo· geneous flow, the highest and lowest flow rates have been joined by horizontal lines.
In summary, the present results demonstrate that although nimodipine, administered in a dose which reduced blood pressure to �90 mm Hg, prevents the mean CBF in previously ischemic structures from being reduced below control (Kazda et aI., 1979; White et aI., 1982; Steen et aI., 1983) , the enhancement of reflow shows marked variations not only between animals but also within struc tures, sometimes creating zones of gross hypoper fusion and overt hyperemia within the same struc ture. For unknown reasons, this pattern is qualita tively similar to that recorded when hypercapnia is instituted in the recovery period (Kagstrom et aI., 1983c) . Furthermore, this patchy amelioration of postischemic delayed hypoperfusion was not ac companied by recovery of sensory evoked re sponses, nor did it enhance return of EEG activity. The results emphasize the fact that although cal cium entry blockers counteract vasoconstriction in ischemic or postischemic situations, effects on functional correlates are equivocal (Harris et al., 1982) . Admittedly, the present material is limited and the conclusions pertain to only one type of isch emia. Nonetheless, the results emphasize the need to evaluate reflow at the local tissue level, and they suggest that much further work is required before it can be generally concluded that calcium antago nists prevent postischemic circulatory disturbances or ameliorate the effects of ischemia on functional recovery.
